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Purpose

® Properties of new heavy particles beyond the standard model.

e.g.

® Mass
® Spin
® Coupling

® Model independent approach.

® Consider all possible assignments of spins and SU(2)
representations of new particles.
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Setup

pp =YY 5t XUXY, (£=e,pu)

e Y: Charged massive particles.

e X: Missing energy signal; neutral massive particle. It can be a dark
matter candidate.



Setup

pp =YY et X' XY, (£=e,pu)

e Y: Charged massive particles.

e X: Missing energy signal; neutral massive particle. It can be a dark
matter candidate.

® Assume a discrete symmetry to ensure X is pair produced:

e.g.

® R-parity in supersymmetry

e KK parity in universal extra dimensions



Spins of the X and Y

® Angular momentum conservation
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SU(2) representations of X andY

. - - ve(z)
® Doublet:2 ez rtw-(29)

® Triplet (adjoint rep.): 3, [Ta, To]= 1 fabc T
[Ta]bc= - 1 fanc

eg W= W'

[Doublet] | [Doublet]| [Singlet].

:Singlet]lxl [Singlet]m :Slnglet: Ix|

[Doublet]| [Triplet].. | [Poublet]




Y X ¢ ZYY XYY

s, Isu(2) | 8, Isu) | Isu() coupling coupling
1| o1 | L1 | 1 |z0vay | Xitegy:
2 | 0,2 | L1 | 2 |z0vay | Xipseyr
3| 0,3 | L2 | 2 |z0vay | Xigseyr
4 31 0, 1 1 YZY | YEXEUX
5 1,1 0, 2 2 YZY Yinex
6 1 1,1 1 YZ7Y | YXZ5¢0
7 2,2 0, 1 2 YZ7Y | YS5ELX
8 2,2 0, 2 1 YZ7Y | YEXRLX
9 1,2 1,1 2 YZY Y X554
10 3,3 0, 2 2 YZY | YiEeX
11 1,3 1,2 2 || S[Z,Y, Y] | XY* 50

«—>
A8,B = A(8,B) — (8,A)B,

<~ <~ <~
SIZ,Y,Y*| = Z,Y; O"Y" + Y, Z, *Y ™ + Y Y, 042"
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Example: in supersymmetry
-

—_ = e — 14;75



Combination | |

Y X 14 zYY XY/ sample model and decay
s, Isu(2) | 8, Isu(e) | Isu(e) || coupling coupling | Y = ¢ X
11 1,3 5 2 2 S(Z,Y,Y*] | XY**5¢ | UED W o — £y
—> «—> “—
S Z,Y,Y*=2,Y;0"Y"+Y,2Z,0'Y* + Y, Y, oHZY
q Y~ q J Y-
/%
Q A
q ye q " v

s-channel contribution alone grows monotonically with the center-of -mass
energy. t-channel diagram must be considered due to unitarity.

s- and t-channel interfere negatively.

In the t-channel, heavy () for the masses 500GeV and 1000GeV are
considered in the simulation.

If @ is light, it has larger cross section and might be observed directly.
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Spin determination

Production angular distribution:

SUSY
UED

scalar Y (spin 0):

fermion Y (spin 3):

leAlllll -
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— SUSY
- UED
PS
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cos 6

-1-0.8-0.6-04-02 0 02040.608 1

do .
1 — cos? 6*
d cos 0* X el
do .
Toosr & 2 + B (cos® 0* — 1),

® (* stands for the production angle.

® PS stands for phase space.

A. Barr, JHEP 0602, 042(2006)



Variables for spin determination

Effective mass Mg = pro+ + pre- + pr,
Azimuthal angle difference Adg = |(¢s+ — ¢¢-) mod 27|
of the two leptons
. e+ — M- | A
Barr’s variable cos 7, = tanh T — tanh T A. Barr, JHEP 0602, 042(2006)

® 7)¢-: The pseudorapidity of the lepton

1 [pﬂ?z

Pseudorapidity: 7 = 5 log ] = —log[tan(6/2)]
P —D:

® (0, is strongly correlated to the production angle.

® They are all Lorentz invariant along the
boost direction.



Numerical results for spin determination

Y X ¢ ZYY XY?

s, Isu(z) | 8, Isu(e) | Isu(e) coupling coupling
3| 0,3 | L2 | 2 | zvvay |Xixsgy:
10 3,3 0, 2 2 YZY | Y:ELX
11 1,3 2,2 2 S[Z,Y,Y*] | XY*5¢

v X2 value for a 5-bin y? — test , 5000 parton-level events. my = 300 GeV and mx = 100 GeV.

(model A, model B)
Variable (3,10) [MQ( i’}l’%‘eV] M, iy )TeV] [Mélj ; ’11‘)eV] [MQ( i%’.151’)1‘e\/]
tanh(Ang/2) || 19.0 18.6 26.0 2.4 8.0
Mg 37.5 3.9 25.1 30.7 9.5
Aoy 16.3 21.4 10.7 41.1 29.0
All combined || 37.5 21.4 26.0 41.1 29.0




Coupling determination

® Definition of the charge asymmetry:

N(E,- > E;+) — N(E,+ > E,-)

Asis —
“C 7 N(Ey- > Ep) + N(Eyr > Ep-)

N(E;~ > E;+) denotes the number of events for which £~ has a larger energy than £7.

® |t is well correlated with the forward and backward asymmetry at the
LHC.



Coupling determination

Review of the forward-backward asymmetry:

eg. qf— 11"

In the center of mass frame:

CI—-—>/ (94——q_

Backward hemisphere Forward hemisphere

l+



Forward-backward asymmetry

do
dcosB - NC[(I + cos’ 6)Fo(s) +2cos 6Fy (s)] ,Where N, is the color factor.

2
Fo(s) = J%(qﬁfﬁ+2Rex(S)qqqzC?/C’v+IX(S)Iz((Cﬁ)er(Cii)z)((sz)er(Cﬁa)z))

2
T
Fi(s) = 7(2R€X(5)Qqqlcﬁcf4+|X(S)|22C3C€/2C§qu),
with
A}

X) = A ist, My

® Definition of forward-backward asymmetry:

A _ Np—Np
5™ Np + Ny
. I do 0 do
F = A dcosedCOSG, B—/:1 dcosBdcose



Difficult to define forward-
backward asymmetry at the LHC

® Hard to define the forward direction

® Center-of-mass energy of quark and anti-quark is
unknown

® The incoming quark are more energetic than incoming
anti-quark because the valence quarks are more energetic
than sea quarks.



Charge asymmetry

Center of mass frame: E- = \/m2 +p2 +pl+p:=Epn Arp

~ Np—Np
~ Nr+Npg

Laboratory frame: [~

q—_,/ - (

Backward hemisphere F Forward hemisphere

® Define charge asymmetry:
Ei- = \/m2+ p2 + p2 + (p: + )2 P N(E,- > Ep+) — N(Ey+ > E,-)
B = \/m2 + (=p2)? + (=py)? + (=p- +pL)? “Y " N(Ee- > Ep) + N(Eg+ > By

N(E,;- > E;+) denotes the number of events for which ¢~ has a larger energy than £*.



Coupling determination

® In the production part : Charge asymmetry is zero.

q Y+

Yu(Cv — Cays) parity — even coupling »

q Y-

No charge
asymmetry

® Charge asymmetry requires further decay:

lJr

q 1+
V5
» T2

X(J
Yu(Cv — Cas) parity — even coupling
XO

1+
2 Tn2

-
e  However, charge asymmetry does not work for scalarY cases due to the absence of spin
correlations between the production and decay parts of the process.

° For fermionY cases, the V-A structure still exists.



Y X / zYY XY?
s, Isu) | 8, Isu) | Isu(e) | coupling coupling
«— —_—
1 0, 1 31 1 || Z#Y*9,Y | Xsey™
1 Y Y 1= * \
2 0, 2 2 1 2 2"y &Y f 3 LY (Indistinguishable by\
3 || 0,3 5 2 2 | ZrY0,Y | X1ELy” using charge
— — o asymmetry.
4 1,1 0,1 1 YZY | YEELX L )
1 A% Vi-s
3 5 1 0, 2 2 YZY Y=BLX
6 1,1 1,1 1 YZY | YXE2/
1 v v 1-—s
7 51 2 0,1 2 YZY Y=BLX
8 12 0, 2 1 YZY Yyiteg x
Z _Z - ( Most of them are
9 % 2 1,1 2 YZY Y X554 | distinguishable by using
10 %’ 3 0, 2 2 7ZY ?1—_2732)( \charge asymmetry!
111 1,3 52 2 || S[Z,Y,Y*] | XY 52

A8,B = A(8,B) — (8,4)B,
> > >
S[Z2,Y,Y*| = 2, Y, 04Y" + Y, Z, 0hY* + Y Y, 042"



Rza :Ratio of ZYY to AYY coupling

B, = Cost,A, — Sinb,Z,
Wy = Sinb, A, + Cosby,Z,,

® Singlet

v+
y+ y+
B,
A Z
G1YR/2 — " " = —
! o /\/\/\/\40(“6&/2 + AVAVAVAY: —g1Yg Sinfl,)2 RZA tanew
-

Y~ y-

® Doublet

//Y + > Yr = -2
B, w —
G1Y1/2 -+ 4T Yp=-1
W\/\ T3 — _1

2

Y~ Y~
e = g1cosl,, = gasinb,,
y+ Vs

-—‘—— NN\N\NK —aYL Sinf, /2 + goCos8,T? + RZA == COt(29zw)

o




® Triplet

Y+
W A
921" — g
— V'V
o
sinb, = 0.231
Isu(a) Rza
1 —tan @y ~ —0.548
2 cot(20y,) =~ 0.638
3 cot Oy =~ 1.824

Y+

g 12 Sinb,,

Y+

L/\/\/\/\/ 92 T30059w

+ | Rz 4 = cotb,,



Coupling determination

® The relative sign of 4i-i+is connected to the sign of the

ratio Rza and the sign of the 75 term in the XYL coupling.

Y X 4 ZYY XY?

s, Isu(z) | 8, Isu(e) | Isue) | coupling coupling

4 % 1 0, 1 1 YZY YR X

5 1 0, 2 2 YZY YEELX

6 11 1,1 1 YZY | YXHX5¢

7 1,2 0,1 2 YZY YireX

8 1,2 0, 2 1 YZY | YHEXEeX

9 1,2 1,1 2 YZY | YX55L

10 %,3 0, 2 2 YZY | YREUX
Combination 4 5 6 7 8 9 10
Agi g 020 —0.22 0.13 0.17 —0.18 0.10 0.20

Isu(z) Rza
1 —tanfy =~ —0.548
2 cot(26y,) =~ 0.638
3 cot Oy =~ 1.824




Numerical results for coupling determination

model A
4 5 6 T 8 9
5 | 36
6 |49 29
2;7 1.6 33 29
©8 (32 35 26 29
9 |67 27 15 47 23
1003 37 58 22 33 76

 Statistical significance, in units of standard deviations.

* 5000 parton-level events without cut and detector
effects.

 The differential asymmetry dAy+,-/dtanh(Ang/2)
is used.



Conclusions

New physics processes with missing energy in the final state are challenging to
analyze at the LHC since they offer only few kinematical handles.

Two new variables for spin determination and one new variables for coupling
determination are introduced.

SY = 0: It is generally not possible to discriminate between cases with different
couplings.

Sy = |/2, only some pairs cannot achieve a 3 sigma discrimination with a
realistic number of a few thousand events.

Fast detector simulation with selection cuts are performed and we found our
conclusion still hold.



Thank you.



